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This paper reviews research on dynamic decision making, i.e., decision making under conditions
which require a series of decisions, where the decisions are not independent, where the state of
the world changes, both autonomously and as a consequence of the decision maker’s actions, and
where the decisions have to be made in real time. It is difficult to find useful normative theories
for these kinds of decisions, and research thus has to focus on descriptive issues. A general
approach, based on control theory, is proposed as a means to organize research in the area. An
experimental paradigm for the study of dynamic decision making, that of computer simulated
microworlds, is discussed, and two approaches using this paradigm are described: the individual
differences approach, typical of German work in the tradition of research on complex problem
solving, and the experimental approach. In studies following the former approach, the behaviour
of groups differing in performance is compared, either with respect to strategies or with respect
to performance on psychological tests. The results show that there are wide interindividual
differences in performance, but no stable correlations between performance in microworlds and
scores on traditional psychological tests have been found. Experimental research studying the
effects of system characteristics, such as complexity and feedback delays, on dynamic decision
making has shown that decision performance in dynamic tasks is strongly affected by feedback
delays and whether or not the decisions have side effects. Although neither approach has led to
any well-developed theory of dynamic decision making so far, the results nevertheless indicate
that we are now able to produce highly reliable experimental results in the laboratory, results
that agree with those found in field studies of dynamic decision making. This shows that an
important first step towards a better understanding of these phenomena has been taken.

Our research on dynamic decision making has its origin in analyses
of decision making in applied contexts, first in analyses of military
decision making and later in analyses of the work of process opera-
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tors, in emergency management, and in intensive care. Two things
emerged from these analyses.

First, decision making itself was never the primary focus of activity.
Instead, decision making was always directed towards some goal. A
quote from Klein (personal communication, 1986), describing his work
with fire chiefs, summarizes much of our experience, too. When asked
about their decisions at the site of the fire, the fire chiefs said: ‘We do
not make decisions, we fight fires!’. Our first task, therefore, was to
consider the function scrved by decision making in these and other
contexts. This led us to think of the function of decision making as
part of an attempt to gain control, i.e., as an attempt to achieve some
desired state of affairs.

Second, the dynamic character of the tasks facing decision makers
became apparent in the applied contexts that we analyzed. Thus, the
decisions could usually only be understood as part of an ongoing
process, and the decision problems conformed to Edwards’ (1962)
classic description of dynamic decision making in that

(1) A series of decisions is required to reach the goal. That is, to
achieve and maintain control is a continuous activity requiring
many decisions, each of which can only be understood in the
context of the other decisions.

(2) The decisions are not independent. That is, later decisions are
constrained by earlier decisions, and, in turn, constrain those that
come after them.

(3) The state of the decision problem changes, both autonomously
and as a consequence of the decision maker’s actions.

In an important later paper, Rapoport (1975) provided a more
formal definition, but this did not change the general meaning of
dynamic decision making compared to Edwards’ original definition.

However, the three characteristics mentioned by Edwards did not
fully capture the essence of the decision problems we studied. We also
had to add another feature:

(4) The decisions have to be made in real time.

Thus, in these decision problems, it was not sufficient to make
correct decisions and to make them in the correct order; the decisions
also had to be made at the correct time. In short, dynamic decisions
are decisions in context and in time. This means that the decision
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maker must consider the consequences of each decision for future
decisions, that he or she is constrained by earlier decisions, and that
he may also sometimes be able to correct problems caused by earlier
decisions in later decisions. The latter feature of dynamic decisions
has also been emphasized by Hogarth (1981).

The real-time character of the decisions creates special problems
for the decision maker (Brehmer 1990a). First, decision makers are
not free to make decisions when they feel ready to do so. Instead, they
have to make the decisions when the environment demands decisions
from them. This introduces an element of stress into dynamic decision
making. To cope with this stress, the decision maker must try to find a
strategy that helps him or her not only to control the dynamic task,
but also his or her working situation. One way to achieve this is to
lower the aspiration level, and try to control the task at some lower,
and less stressful level which does not require as many decisions.
Thus, dynamic decisions may often be a compromise between a good
strategy for controlling the decision task, and a strategy that enables
the decision maker to exert some measure of control over the rate at
which he has to make decisions. This kind of compromise is observed
in process operators where it is often found that they do not try to run
their processes close to the limits that would yield the highest output
simply because this would require to much work on their part (Bain-
bridge 1979). The general idea that cognitive behaviour is a compro-
mise between the demands of the task and the need to conserve one’s
cognitive resources goes back to Bruner et al. (1956) and their careful
analysis of the processing demands introduced by different forms of
concept attainment strategies. The work of Bruner et al. must be seen
as one of the earliest attempts to study dynamic decision making,
although it is generally not thought of as such.

Second, both the system that the decision maker seeks to control
and the means that he uses for control must be seen as a processes.
Indeed, we may define the task facing the decision maker in dynamic
decision making as the problem of finding a way to use one process to
control another process (Brehmer and Allard 1991a).

A third consequence is the need to consider the various time scales
of the dynamic decision task and to make sure that all the relevant
time scales are monitored (see Brehmer, 1991b, for a general discus-
sion of time scales in dynamic tasks, and A. Brehmer, 1989, for an
example from intensive care).
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All this may seem very abstract, but it is, perhaps, easier to
understand if we consider one of the experimental tasks that we have
developed for the study of dynamic decision making (Brehmer and
Allard 1991a). This task requires the subject to assume the role of a
fire chief, charged with the task of fighting forest fires. Even though
we have large areas of forest in Sweden, we cannot create a real forest
fire every time we want to do an experiment. We have therefore
developed a computer simulation of forest fire fighting, and the
subject thus fights simulated forest fires. In the simulation, the subject
receives information about fires from a spotter plane via an informa-
tion system. He then sends out commands to his fire fighting units
(FFUs) via a command system by typing instructions on the keyboard.
The FFUs report back to the fire chief (the subject) about their
actions and location, i.e., whether they are en route to some destina-
tion, fighting a fire, or are simply inactive and waiting for new
commands. On the basis of these reports and further information
from the spotter plane, the subject then issues new commands until
the fires have been extinguished. The progress of the simulation is
controlled by the computer’s clock, which does not stop and wait while
the subject thinks or makes decisions.

This description demonstrates that the problem facing the subject
in the simulation has exactly the characteristics of dynamic decision
making described above. Thus, (1) it requires a series of decisions; (2)
the decisions are not independent; as resources are committed by one
decision, they are unavailable in later decisions, and current decisions
are similarly constrained by earlier decisions, even though it is also
possible to correct errors in earlier decisions; (3) the state of the
problem changes, both autonomously (fires start and burn according
to prevailing meteorological conditions) and as a function of the
decision maker’s actions (the subject’s attempts to extinguish the fire
will change its development); and (4) the decisions have to be made in
real time (or at least in simulated real time).

Many of the features of real fire fighting are omitted from this
simulation. This is done intentionally to simplify matters for the
subject, so as to cut down the time required for the experiments. It is
presumably of little consequence for the results of our experiments,
for they are not designed to study fire fighting as such (had this been
our purpose, we would not have stayed in the laboratory). Instead, we
are interested in the more general problem of how subjects cope with
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spatio-temporal processes of the kind exemplified by the fire fighting
task.

It is not difficult to think of a host of decision problems that fit the
general description above. We have already mentioned military con-
texts, emergency management, patient care in hospitals and modern
process plants, but such problems also arise in company management,
and in our personal decision making in everyday life. Despite this,
dynamic decision problems have not received much attention from
psychologists. There are at least two reasons for this. The first is that
it is difficult to cast these problems into the standard normative theory
of decision making that has guided so much psychological research in
this field, and to find analytical solutions to these decision problems
(Rapoport 1975; Slovic et al. 1977), and the second is that they require
new experimental methods.

The problem for standard decision theory lies in the decision trees
for these decision problems which rapidly become impossibly large
and, despite this, such decision trees still fail to incorporate real time.

As for methods, experiments on dynamic decision making simply
cannot be made with ordinary paper and pencil methods because of
the dynamic and interactive nature of the experimental tasks. Experi-
mentation in these areas is impossible without interactive computer
programs, and computers powerful enough for this kind of work have
only recently become standard equipment in psychological laborato-
ries.

Despite these problems, there have been some attempts to study
dynamic decision making. We now turn to a brief review of this work.

Earlier approaches to the study of dynamic decision making

Dynamic decision making was introduced to psychologists by Ed-
wards and by Toda in 1962. As noted by Rapoport (1975), the main
purpose of Edwards’ paper was to extend SEU theory from static
problems to dynamic problems, and to propose a general research
strategy, the normative-descriptive approach, for its study. This strat-
egy involves constructing an ‘ideal decision maker’ similar to the ‘ideal
observer’ in psychophysics and then comparing the behaviour of real
decision makers with that of the ideal decision maker. If systematic
discrepancies are found, these may be interpreted as evidence of the
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limitations imposed on the actual decision maker, such as limitations
of memory and limitations in the ability to predict the effects of one’s
decisions into the future. Hence it would become possible to model
the human decision maker as a case of constrained optimization.
Rapoport (1975) provides examples of how this can be done for some
sequential decision problems.

A major problem with this approach is that it is impossible to find
analytical solutions for most dynamic decision problems (Rapoport
1975). An added problem, also discussed by Rapoport (1975), is the
‘flat maximum problem’. That is, for many dynamic problems, even
wide discrepancies from the optimal strategy have very little effect on
the outcomes of the decisions. Hence, it is difficult to find the
limitations imposed on the decision maker using this strategy. It is
therefore not surprising that the normative-descriptive strategy has
not attracted the wide following among those who study dynamic
decision making that it has among those who focus on static problems.

Toda’s (1962) paper introduced a one-person game, ‘the fungus
eater’, as a paradigm for the study of dynamic decision making.
However, it proved possible to find analytical solutions only for very
simplified versions of the game, and its empirical potential was never
fully realized. The general approach of constructing a computer
simulation as a device for studying dynamic decision making was
prophetic, however.

Subsequent analyses of dynamic decision making have largely aban-
doned normative ambitions and concentrated on empirical work.
Before turning to a review of these results, I shall discuss a general
framework for the study of dynamic decision making.

Towards a framework for studying dynamic decision making

As noted above, it is not feasible to analyze dynamic decision
problems in terms of classical decision theory. We therefore need an
alternative framework to guide research. Here, the observation that
decisions are made to achieve some overall goal is helpful. As noted
above, a general formulation of this observation is to think of the goal
of decision making as that of achieving control: that is, that decisions
are made to achieve some desired state of affairs, or to keep a system
in some desired state.
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This is not an original observation. Broadbent et al. (1986) made it
earlier in their work with dynamic problems, as did Rapoport (1975)
and Mackinnon and Wearing (1985). It suggests a general framework
for research on dynamic decision making: that of control theory.
Control theory is a branch of engineering, and this seems quite
appropriate; from the functionalist psychological perspective adopted
by the present author, it makes more sense to think of man as an
intuitive engineer than as an intuitive scientist.

This is, of course, not the first attempt to use control theory as a
theory of behaviour. The theory has been quite fashionable in studies
of manual control (see, e.g., Kelley 1968; Powers 1971). However, like
Bainbridge (1981), we have not found the mathematical framework of
control theory particularly helpful. There is no need to repeat Bain-
bridge’s excellent discussion here, except to mention that a major
problem with control theory as a psychological framework lies in its
inability to handle the kind of input descriptions that are natural in
the analysis of human perception: patterns and Gestalts. Instead, it
requires that the input be described in terms of measured individual
signals.

Therefore, control theory is useful mainly as metaphor. Its useful-
ness stems from the fact that it specifies the general conditions for
control of any system, regardless of whether control is exercised
manually or by some automatic controller. There are four general
preconditions:

— there must be a goal (the goal condition),

— it must be possible to ascertain the state of the system (the
observability condition),

— it must be possible to affect the state of the system (the action
condition),

— there must be a model of the system (the model condition). '

! 1t should be noted that this is a purely normative statement, and it applies to people as well as
machines. However, in case of machines it seems inappropriate to say that the machine has a
model of the system it controls. It may be better to say that the machine is a model of the system
it controls following the expression used by Conant and Ashby (1970) in the title of their classic
paper: ‘Every good regulator of a system must be a model of that system’. From a connectionistic
perspective, the same expression may apply to humans. Both in the case of human and automatic
controllers, the model can, of course, take may forms, but all of them will have the effect that
the controller will behave as if he /she /it has a model with some specified relation to the system
it controls, and the level of control will depend on the extent to which the model includes the
important aspects of the system to be controlled



218 B. Brehmer / Dynamic decison making

Properly speaking, two of the conditions pertain to the system to be
controlled, whereas the other two are properties of the decision
maker. Thus, observability and action possibilities are properties of
the system, whereas the goals and the models are properties of the
decision maker. The most general formulation of the problem for
research, therefore, is that it is concerned with people’s formulation
of goals and models as a function of the observability and action
possibilities of the system to be controlled. This is not quite so
straightforward as it seems, however. First, the concepts of observabil-
ity and action possibilities are abstract, and it is a real research
problem to ascertain what constitutes observability and action possibil-
ities for a human decision maker. Second, there is also the problem of
strategy. A system may be controlled by means of either a feedback
strategy or a feedforward strategy (or some combination). In feedback
control, the controller uses only the current information about the
system, and takes this as information about the actual state of the
system. In feedforward control, the controller uses a model of the
system to predict its state and to select the appropriate control inputs.
Feedback control is possible when there are no significant feedback
delays in the system, and it is useful when the system to be controlled
changes over time, so that no stable model of the system can be
constructed. Feedforward control requires that the system is stable, so
that the model remains valid, but it can then use a model to overcome
the problems of feedback delays. It is, of course, also possible to use a
combination of these two strategies. Modern applications of control
theory in the automatic control of systems often rely on a model to
produce the actual control inputs, while the feedback information is
used to upddte the model. Brehmer (1990) has hypothesized that
feedback control, which is cognitively simpler, would be the preferred
mode of control in dynamic decision tasks. The results presented in
Brehmer (1990) support the hypotheses, but as we shall see, this may
be an oversimplification.

The strategy issue is important because the kind of model that is
needed for control depends on the strategy adopted. Thus, one cannot
study the subjects’ models without first assessing their strategy.

A general framework for research is only a first step. We also need
an experimental paradigm that allows us to study dynamic decision
making empirically. This paradigm should allow us to define observ-
ability and action possibilities in psychologically meaningful ways, and
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to observe or infer the subjects’ goals and mental models. We now
turn to this problem.

Computer-simulated microworlds: A research paradigm for the study
of dynamic decision making

Dynamic decision making can be studied in the field, but the
complexity of most dynamic systems outside the laboratory prohibits
such an approach. For example, to study the mental models of process
operators, the researcher might spend many months trying to learn
the process of which the operator is assumed to have a model.
Moreover, even if one understands the process, the task of collecting
data is formidable, and some form of experimental intervention is
usually required to obtain useful data (see Hoc, 1989, for a good
example). It is therefore not surprising that no theory of dynamic
decision making has emerged from field studies so far. It is therefore
necessary to complement field studies with more laboratory-based
methods. The remainder of this paper will be concerned with some of
these methods and the results obtained with them.

As noted above, dynamic decision problems are characterized by
the fact that the state of the problem changes both autonomously and
as a consequence of the decision maker’s actions, and that the
decisions have to be made in real time. To capture these features in
an ordinary paper and pencil experiment is not feasible, and labora-
tory research on dynamic decision making therefore had to await the
arrival of a new research tool: the laboratory computer.

Laboratory computers make it possible to create dynamic simula-
tions and to study how subjects interact with such simulations. We
have termed such simulations ‘microworlds’ (Brehmer and Doérner, in
press). Such microworlds simulate some of the essential features, but
not all the detail of some dynamic system; they present a ‘wood cut’
( Holzschnitt), to use Dorner’s (1991) term, of systems such as a small
town, a developing country, an industrial process or a forest fire and
charge the subject with the task of controlling this system for some
period of time.

Such microworlds are designed to reflect three intuitively striking
characteristics of real-world decision problems: complexity, dynamics
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and opaqueness. They are complex in the sense that they require the
subjects to consider many different elements, e.g., many different. —
and possibly conflicting — goals. They are dynamic in some or all of
the four senses described above. They are opaque in that they do not
reveal all their characteristics automatically to the subject, thus requir-
ing him to form and test hypotheses about their state and characteris-
tics.

Microworlds differ in the extent to which they emphasize one or
another of these characteristics. Microworlds such as Lohhausen
(Dorner et al. 1983) or Moro (Dorner et al. 1986) developed by
Dorner and his associates, who work in the German tradition of
research on ‘komplexes Problemlosen’, are characterized by high com-
plexity and opaqueness, whereas microworlds such as DESSY
(Brehmer and Allard 1991a) and NEWFIRE (Lévborg and Brehmer
1991), which are designed to study decision making, play down com-
plexity and opaqueness and emphasize dynamics. One practical conse-
quence of this is that the progress of the latter kinds of simulations is
controlled by the computer’s clock. In simulations of the former kind,
the subjects make a number of moves, after which the simulation stops
and waits for input from the subject before going on to the next state.

A recent experiment by Brehmer et al. (1991) suggests that this
difference in simulations has the same effects as a variation in rate of
change in the process to be controlled: overall performance is better
in a discrete time simulation, but the relative effects of a factor such
as feedback delays remain the same. This suggests that the results
from the two kinds of simulation are compatible, and I shall ignore
the distinction between discrete-time and continuous-time simulations
in the remainder of this paper.

Experiments with microworlds

As noted by Brehmer and Doérner (in press), the use of computer-
simulated microworlds requires us to rethink the way we do experi-
ments. In such microworld experiments, the actual decision problems
are not directly controlled by the experimenter. Instead, they depend
on the behaviour of the subject. The experimenter can create a system
with certain characteristics, i.e., a given level of complexity, but the
trajectory through this system is determined by the subject: the state
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of the system at any given moment is dependent both on the general
characteristics of the system and on the decisions made by the
subject. Thus, we need to think of microworld experiments in cyber-
netic terms rather than in the linear causal terms usually preferred by
psychologists, a point also made by Rapoport (1975) in an earlier
SPUDM major paper on dynamic decision making.

The independent variables of these experiments, then, are system
characteristics, such as complexity and feedback structure, but not
specific aspects of individual decision problems, such as probabilities
and utilities. Therefore, it makes little sense to study isolated individ-
ual responses. Instead, we must focus on the decision maker’s tactics
and strategies. It is only at this level that we can hope to find
regularities in the data from our experiments. This poses special
problems of data reduction. It may well be necessary to use simulation
to identify these strategies: some actual trajectory is compared to
those expected on the basis of some ideal strategies, and the strategy
that exhibits the best fit is taken as that which actually describes what
the subject did (see Reichert and Doérner, 1987, for an example).

Data reduction is indeed a very severe problem in these experi-
ments because an experimental run will produce thousands of individ-
ual observations. Moreover, the trajectory of each individual in these
simulations may be unique. This has led Dorner (1991) to take the
view that we approach these simulations as case studies. That is, we
must study the individual subjects in great detail, describe their
individual trajectories and use these to infer the psychological pro-
cesses. To do so, we must construct computer simulations of the
subjects’ behaviour. This is reminiscent of Newell and Simon’s (1972)
approach to the study of problem solving. So far, however, there are
no examples of this strategy in the study of dynamic decision making
(but see Wearing et al. 1991).

Despite the individual trajectories on the detailed level, it is often
possible to obtain stable data at a higher level of aggregation, pro-
vided that some care is taken in the data reduction process. Specifi-
cally, it is necessary to find the right level of analysis, i.e., a level that
reflects the subjects’ strategies. This is illustrated in the highly stable
and psychologically meaningful relations among various performance
measures and measures showing how subjects used their resources in
the fire-fighting simulation (e.g., Brehmer 1990).
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Research problems in the study of dynamic decision making

Research on dynamic decision making has followed two different
approaches: an individual differences approach and a more standard
experimental approach.

The individual differences approach has been pursued mainly by
Dorner and his associates. In the typical experiment, all subjects
perform in the same complex simulation and are then divided into two
(or more) groups according to how they performed in the simulation.
These groups are then compared with respect to their performance on
some test, or with respect to their behaviour in the simulation, to find
possible explanations for the differences in performance (see Dorner
et al., 1983, and Stiaudel, 1987, for examples).

In the experimental approach, subjects’ performance in simulations
with different characteristics, e.g., feedback delays, side effects or
complexity, is compared (see Brehmer and Allard, 1991a, Funke,
1990, for examples).

Such experiments are undertaken not only to investigate the effects
of system characteristics, but for a variety of purposes. For example,
Broadbent and his associates have used different dynamic simulations
to study the issue of awareness and to formulate alternatives to the
serial, STM-LTM-model of human information processing (e.g., Berry
and Broadbent 1987, 1988). However, I shall not discuss these uses
because they have little to say about dynamic decision making.

In the remainder of this paper, I shall review some of the empirical
results obtained with complex dynamic microworlds.

Empirical examples

This section is in two parts. The first reviews the results from the
individual differences approach and the second those from the experi-
mental approach.
The individual differences approach

As already noted above, the principal method in this approach has

been to have a group of subjects perform in the same microworld, and
then divide them up into two extreme groups, one that succeeds and
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one that does not. These groups are then compared with respect to
their behaviour, and /or their scores on various psychological tests.

Research following this approach could have two different goals: to
find ways of predicting behaviour in dynamic decision tasks, so that it
would then be possible to select good decision makers, and to identify
the demands made by these tasks by comparing the behaviour of the
subjects who are successful in controlling the microworld with that of
those who are not so successful (a very useful introduction in English
to this work is provided in two papers by Funke, 1988, 1991).

Prediction of performance

Results from various simulations show that there are wide individ-
ual differences in performance. Despite this, it has proved difficult to
find any significant correlations between performance in microworld
experiments and test performance. Performance in the microworld
experiments does not seem to correlate with any standard psychologi-
cal test, be they tests of intelligence or tests of personality (Dorner et
al. 1983; Stdudel 1987). There is some evidence that performance in
microworlds may correlate with intelligence, but only when the
opaqueness is removed (Putz-Osterloh and Liier 1981; Schoppek
1991). Some results indicate that a new variable defined by Ddérner
and his associates, and operationalized by Stdaudel in a questionnaire,
might correlate with performance. This variable was called ‘heuristic
competence’, and may be defined as a general competence for coping
with complex systems.

Stiaudel (1987) found that subjects high in heuristic competence
performed better in Moro than subjects with low heuristic compe-
tence. Moro is a complex system designed by Dorner (Dorner et al.
1986) which requires the subject to assume the role of an adviser to a
tribe in southern Sahara, and advise them on how to improve their
conditions during a simulated 20- or 30-year period.

Schaub and Strohschneider (1989) obtained further evidence for
usefulness of Staudel’s concept in a study in which they compared the
behaviour of one group assumed to have high heuristic competence,
managers from large German and Swiss corporations, with a group
assumed to have low heuristic competence, psychology students. Al-
though the differences in performance were not dramatic, managers
clearly performed better in the Moro simulation. These differences
were not due to any greater knowledge about the domain covered by
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Moro, i.e., the economics and ecology of developing countries (what
Dorner has called ‘epistemic competence’). Instead, the managers
performed better because they approached the decision task in a
different way. The managers were less activistic than the students, i.e.,
they made fewer decisions, they collected more information before
they made their decisions, and they checked on the results of their
decisions before making new decisions. This is exactly what is required
to perform well in a complex dynamic system (the behaviours reflect
what Dorner, 1989a, has called ‘grandmother rules’) and may be seen
as an expression of greater heuristic competence on the part of the
managers, i.e., they had learned some general ways of coping with the
demands made by complex dynamic systems.

To be successful, this approach requires that reliable performance
measures can be found. A study by Strohschneider (1986) suggests
that this is problematic, at least for Moro, one of the commonly used
simulations. He found no significant correlations between perfor-
mance in two consecutive runs with Moro. This suggests that one
possible explanation for the failure to find stable correlations between
performance in microworlds and test performance may be that the
criterion variable lacks reliability. This is hardly surprising. The sub-
jects’ performance in a microworld is dependent not only upon their
performance but also on the characteristics of the microworld. In
some microworld scenarios, a small and seemingly unimportant mis-
take may lead to serious problems later on, from which the subject
cannot recover, even if he follows a good strategy. Thus we should,
perhaps, not be too surprised that it has proved so difficult to find
correlations between microworld performance and test performance.

The demands that complex dynamic systems make

The second goal of the individual differences approach is to ascer-
tain the demands made by complex dynamic microworlds. The first
method here has been to compare the behaviour of extreme groups,
e.g., the best and the worst third of the subjects, on psychological
tests. The rationale behind this approach is that if we find, for
example, that subjects who score high on spatial ability perform better
than those who score low on these tests, we might conclude that the
simulation in question requires spatial ability. As noted above, the
search for such correlations has not been very successful.

The second method has been to analyze the differences in subjects’
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behaviour in the simulation for extreme groups. This has not pro-
duced any surprising results. It seems that subjects who collect more
information, who collect it more systematically, who construct ade-
quate goals, who evaluate the effects of their decisions, and who
generally behave in a systematic fashion tend to perform better than
those who do not (Dorner et al. 1983). Thus we see the ‘grandmother
rules’ in operation once more. However, the results of Dorner et al.
(1983) point to one important conclusion: those subjects who behave
in a way that makes it more likely that they will acquire a good model
of the task also learn to control the task better (see also Funke and
Miiller 1988).

It has not yet proved possible to improve performance of subjects
by training them in the general methods for handling complex sys-
tems. For example, in the Lohhausen study, Dorner et al. (1983)
compared two different training programs, one designed to give gen-
eral strategic insight and one designed to teach useful tactics for
coping with complex dynamic systems. Subjects in the control group
received no special instructions. There were no differences in the
performance of the three groups. Because the training programs can
be seen as an attempt to induce heuristic competence, these results
may, at first, seem to be in conflict with those of Stdudel and of
Schaub and Strohschneider with respect to heuristic competence.
However, it may well be that the skills involved here cannot be taught
in the abstract, i.e., as a set of general rules, but that they can only
develop in conjunction with actual practice in controlling systems.
Such practice may, for example, teach the decision makers when and
how to apply a given rule. A simpler, and more trivial explanation, for
the results of Dorner et al. is, of course, that the training methods
were not appropriate, and before drawing any more definite conclu-
sions, we will need to investigate the effects of a wider range of
training programs. However, the issue of training is important, and
deserves further study.

Simulations such as Moro and Lohhausen are designed to mirror at
least some of the characteristics of real systems such as developing
countries (Moro) and towns (Lohhausen); it, therefore, seems reason-
able to expect that epistemic competence, i.e., domain knowledge,
would be a powerful factor in these experiments. This aspect has,
however, not received much attention. Hasselrot and Brehmer (1991)
compared a group of university students taking courses in the agricul-
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ture, ecology and economics of developing countries with a group of
psychology students. They found initial differences favouring the
students with high epistemic competence, but in the long run both
groups produced similar dismal conditions in Moro, because the
subjects with high epistemic competence did not exhibit any evidence
of heuristic competence. Specifically, they did not check on the results
of their decisions as they should have done, and they thus ignored the
development of one of the crucial variables in Moro: the ground water
level. These results suggest, then, that both epistemic and heuristic
competence are needed, but if a subject were to have only one of
these, heuristic competence would be more useful than epistemic
competence.

The pathologies of decision making

Although the study of successful subjects seems to have uncovered
no more than that these subjects, for whatever reason, exhibit the kind
of behaviours that would be expected to be useful in these kinds of
systems, the study of unsuccessful subjects has led to some novel and
interesting results. These studies have uncovered a number of general
maladaptive behaviours that could be called pathologies of decision
making. These pathologies are not necessarily the cause of failure, but
are observed as subjects try to cope with their failures (Dorner 1980).
Dorner (1989a) theorizes that these behaviours may be the conse-
quence of feelings of low competence that result from failure. They
then lead to even greater failure in a self-reinforcing cycle.

The first of these pathologies is called ‘thematic vagabonding’, and
it refers to a tendency to shift goals. Thus, a subject in, say, Moro, may
start out dealing with the water supply. When this fails to solve all the
problems, he may then concentrate on improving education, then shift
back to working on the water supply, and then move on to do
something about storage, and so on. Thus, subjects who exhibit
thematic vagabonding shift from one subgoal to another but fail to
work on the problem as a whole, which is what is needed in a complex
system such as Moro.

The second pathology is called ‘encystment’. It involves sticking to
one specific goal that the subject feels competent to achieve. Thus, a
subject who has great faith in education perseveres with this method
as the method which is to solve all problems in Moro (see Dérner et
al., 1983, for examples).
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A third pathology is a general refusal to make any decisions at all.

A fourth pathology involves blaming others for one’s failures.
(Many of these programs have simulated others who have to carry out
the subject’s commands.) One of the most likely candidates here is, of
course, the simulation itself, a response similar to that of blaming ‘the
system’ for one’s failures.

A fifth pathology is that of delegating responsibility that cannot, or
should not, be delegated.

There is, of course, also the pathology of not delegating responsibil-
ity which should be delegated. For example, in systems with feedback
delays, it is often useful to delegate responsibility from a central level
(which is subject to great delays) to more local decision makers (who
are not subject to as severe delays in information). This is an impor-
tant principle in military organizations (see Brehmer 1988). However,
Brehmer and Allard (1991b) found that subjects in the fire-fighting
simulation did not use delegation as a means to combat the effects of
delays.

It is interesting to note that these pathologies can be divided into
two groups. The first group comprises the first two pathologies. These
pathologies can be seen as failures of the goal formulation process.
The second group comprises the last three pathologies, which may be
seen as signs of a refusal to learn from experience. Thus, the first of
the three pathologies in this group, refusal to make decisions, clearly
means that the subject will not receive any new experience to learn
from, while the last two involve rejecting whatever experience could
have been used for learning.

The results with respect to pathologies so far consist mainly of a set
of examples. We do not know the relative frequency of these patholo-
gies, nor do we know if there are individual differences among people
with respect to which of these pathologies they will exhibit. Indeed, we
do not even know if the pathologies are common. This is an important
problem for future studies.

The experimental approach

Research following the experimental approach aims to assess the
effects of the characteristics of the system on the behaviour of subjects
in dynamic tasks in order to enable the investigator to make infer-
ences about how the subjects develop mental models and formulate
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goals. This requires a taxonomy of the task that would describe it in
terms of those aspects that affect performance. The problem of
taxonomies for complex dynamic microworlds has been discussed by
Brehmer (1990c, 1991a) and Funke (1990). However, I shall not dwell
on the general problems of taxonomy here but use a simple set of
concepts proposed by Brehmer and Allard (1991a) to organize the
results obtained so far.

The characteristics of dynamic tasks

A taxonomy of dynamic systems is interesting only if it helps predict
the behaviour or performance of the subjects. This means that the
taxonomy is a first step towards a theory. It is therefore important that
the set of dimensions chosen for the taxonomy has some psychological
meaning.

Brehmer and Allard (1991a) have proposed such a set of dimen-
sions to be used to describe dynamic tasks and to guide experimenta-
tion. They proposed six dimensions.

The first of these is complexity. This is a difficult concept, for it
cannot be given an absolute definition, nor does it have an obvious
metric. Instead, it is a relative concept, and it must be defined in
relation to something or someone for which the system is complex. In
the present context, our interest is in control, and it is therefore
reasonable to define complexity in relation to the capacity of a
controller. This is the approach proposed by Ashby (1956) in introduc-
ing the concept of requisite variety. In this case, the controllers of
interest are humans, and it is in relation to their limitations that a task
may be seen as complex. One of the fundamental limitations of
humans is the number of items they can process at a given time. It
therefore makes sense to define complexity in terms of the number of
system elements and their relations. However, there can be no simple
relation between the number of elements of a system and difficulties
in controlling it. First, not all elements and their relations may be
relevant to a given control task. Thus, we must consider the subsystem
relevant to a given task when trying to assess the relevant complexity
of the system. Second, we must consider the nature of the relations
among the elements and the nature of the elements. For example, if a
system has many elements and the relations are negative feedback
loops, the system will be very stable, and will not develop in a
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catastrophic direction regardless of what the decision maker does. If
the relations are positive feedback loops, on the other hand, even a
system with few elements may be hard to control. A mixture of
positive and negative feedback loops may lead to system behaviour
that is hard to understand and predict, and may make contro! very
difficult (see Mackinnon and Wearing, 1980, for a discussion of these
problems). Moreover, not all elements may contribute equally to the
difficulty of a system. Brehmer and Allard (1991a) distinguished four
kinds of elements: goals, processes to be controlled to reach the goals,
control processes, and side effects. This was an attempt to distinguish
among different elements in relation to the subjects’ purposes.
Whether this also makes empirical sense is still an open question.

The second dimension is feedback quality. In dynamic tasks, all
information is feedback information, but this feedback information
may nevertheless vary in quality, leading to variation in the observabil-
ity of the system.

The third concept is feedback delays. This is the interval between
the point in time when an action is taken and the time when informa-
tion about the effects of that action arrives. In complex systems,
feedback delays are inevitable. The concept of delay is a complex one,
however. First, feedback delays may occur anywhere in the feedback
loop. Thus, they may occur in the response to commands (what
control engineers call dead time), in the execution of commands
(usually called the time constants in control theory), or in the trans-
mission of information about the results of the action taken ( feedback
delay). Second, the information about these delays may vary. Thus,
the concept of observability is relevant here, too.

The fourth concept is rate of change. This refers to the rate of
change in the process to be controlled. Dynamic tasks vary widely in
their rate of change, from the very rapid tasks facing a fighter pilot
making a low level attack, to the very slow tasks facing the minister of
finance of a country trying to control the economy of that country.
Presumably, there is a range of values here with which a person may
feel comfortable. This is probably the range within which it is possible
to control the tasks on the basis of direct feedback. As tasks become
very slow, the dynamic character may well be ignored, and the task
secen as a series of independent decisions, or, at best as a set of
sequential decisions. As the rate of change becomes very fast, it is no
longer possible to control the system on the basis of feedback. Instead,



230 B. Brehmer / Dynamic decison making

the controller must develop some means of feedforward or open loop
control.

The fifth concept is the relation between the characteristics of the
processes to be controlled and those of the process used for control. This
defines the strategy for the task. For example, fire fighting of the kind
represented above is distinguished by the fact that one linear process,
the fire-fighting process, is used to fight another linear process, the
spreading fire, but these processes differ in their rate of change: the
fire grows faster than the fire-fighting units are able to extinguish it.
Therefore, to succeed in extinguishing the fire, the subject has to
attack it massively and rapidly, i.e., the subject must send so many
fire-fighting units to a given fire that they cover at least the area that
will be on fire when the units arrive at the fire. Matching the number
of fire-fighting units to the fire as it is when the units are sent out will
not be sufficient. The subjects quickly learn the elements of this
strategy in the fire-fighting simulation (see, e.g., Brehmer and Allard
1991a). This concept encompasses both the ‘Eigendynamik’ of the
system, i.e., the extent to which it changes autonomously, and the
feedback structure, i.e., whether the feedback is positive or negative.
Both of these will be aspects of the characteristics of the process to be
controlled. Thus, this concept will need to be differentiated into a
number of subclasses.

The sixth concept refers to the extent to which the decision making
power in the system can be delegated, or distributed, among the persons
in the system. This is especially important in systems where there are
long delays. In this case, delegating the decision making to lower
levels in the system that are closer to the actual events may increase
efficiency, a fact very well recognized in military contexts (see Brehmer
1988).

This list of concepts is, of course, only a preliminary one, to be
replaced by a new list as research progresses. From a systems point of
view, it is a problem that the concepts are not independent. For
example, there is a close relation between the relation between the
characteristics of the process used for control and the characteristics
of the process to be controlled and the concept of feedback delay. Our
problem, however, is not only to characterize systems, but to find
psychologically meaningful concepts for describing systems. Whether
the one concept can be subsumed under the other is an important
question for future research.
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Experimental results

Research with computer-simulated microworlds is still in its in-
fancy, and there are as yet few well-established findings concerning
the effects of various system characteristics. However, even the small
body of results that are available shed some interesting light on
people’s ability to control system. In this section, I shall review these
results, using the list of concepts discussed above to organize them.

Complexity

Despite the central position of the concept of complexity in the
German tradition of ‘Komplexes Problemlosen’, there have been few
attempts to study the effects of complexity systematically. Instead, the
strategy has been to create a simulation that can be said to be
complex, and then to use this to compare the behaviour of different
groups of subjects as described above.

One reason for the lack studies of the effects of complexity may
well be that there is something trivial about this factor as an indepen-
dent variable in experimental research. Because there is no metric for
complexity, it must be defined in relation to the capacity of the
subjects. That is, either the subjects can mobilize the requisite variety
needed to control the task or they cannot. Moreover, their ability to
produce requisite variety cannot be seen as a fixed property. Instead,
it is likely to develop with practice. However, even though demonstrat-
ing the effects of complexity may be uninteresting, assessing the
variety a person can produce, to track its development, to find ways of
speeding up this development or to provide means for augmenting it,
are far from trivial research problems.

Because there is so little experimental work on the effects of
complexity factors, it is difficult to interpret some of the results that
we have. For example, there is some consensus that people have
problems taking the side effects of their decisions into account, a
conclusion based on analyses following both the individual differences
approach (e.g., Dorner et al. 1983) and the experimental approach
(Miiller et al. 1988). This is also confirmed by Sterman (1989), who
showed that subjects had problems understanding the feedback be-
tween their responses and the environment in an economic simula-
tion. Specifically, his results show that the subjects did not understand
that their demand for capital would affect the total demand for
capital, leading to at least temporary problems in getting the capital
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they necded. This may, of course, be seen as a side effect, but it is also
evidence that one of the fundamental characteristics of a dynamic
decision task: that the state of the task changes both autonomously
and as a consequence of one’s own behaviour, is difficult to grasp.

It is not clear whether the problems people have with side effects
should be seen as an inherent characteristic or whether the results
simply express the difficulties naive subjects have when working with
systcms about which they know little. That is, the subjects in the
microworld experiments may simply not have had enough experience
to learn about the important side effects of the decisions they have to
make. This raises the problem of the extent to which decision makers
can be trained to consider side effects to a greater extent, and what
kinds of side effects they may learn to consider in their decisions. A
limiting factor here is, of course, the decision maker’s attentional
resources. Because these are limited, we would expect at least some
side effects will be ignored in most complex situations.

Another problem making it difficult to assess the effects of com-
plexity arises from the interaction between different factors in the
system. This is illustrated by some results of Mackinnon and Wearing
(1980). They failed to demonstrate any effects of complexity defined in
terms of the number of elements in the system when the system was
characterized by strong negative feedback loops. Under these condi-
tions, the system becomes inert and self-stabilizing. That is, even
though the strategy used to control the system is inappropriate, the
negative feedback loops of the system may save the decision makers
from the worst consequences of their inappropriate strategies. On the
other hand, they will also be unable to achieve the kind of change that
they strive fofr.

The results from Dorner’s studies suggest that subjects have consid-
erable problems finding adequate goals in complex simulations
(Dorner et al. 1983). However, it is hard to decide whether this is due
to the complexity of the simulation. There are no direct studies on, for
example, the effects of the number of goals on subject performance.
Again, this is due to the research strategy of constructing a system
that is complex enough, and then using it without any experimental
variation of the number of goals or the number of goal conflicts.
Moreover, in these experiments subjects usually receive only very
general and diffuse goals in the instructions (such as to ‘care for the
welfare of thc moros’), and they have to derive a series of more
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concrete goals before they are able to act. This emphasizes the close
relation between the goal formulation process and the mental models
that subjects may have. If these models are inadequate, the goals
formulated on the basis of them will be inadequate also. Conse-
quently, it is not possible to decide whether the goal formulation
problems observed in, for example, the Lohhausen study are due to
inadequate models or to problems in the goal formulation process as
such.,

Feedback quality

As noted above, microworlds are usually designed to be opaque:
they are designed so that the feedback quality is less than perfect.
That is, the subjects are not informed about all of the consequences of
their actions automatically. Instead, they must often use more indirect
information to infer the state of the system, or at least actively search
for information about some of the relevant aspects of the system. This
requires that they know, and remember, what these aspects are.

There are no experimental results on the effects of feedback quality
as such. However, the importance of this factor is illustrated in studies
using Moro. Here, one of the main problems is the ground water level,
a variable that is not displayed automatically to the subject. To control
this factor, the subject must remember to ask for information about it.
The failure to ascertain the ground water level is one of the main
reasons why so many subjects fail in Moro (see e.g., Hasselrot and
Brehmer 1991).

The subjects’ ability to develop the appropriate strategy of rapid
and massive response to a fire in the fire fighting simulation and their
inability to cope with delays in reports from the fire fighting units
(Brehmer and Allard 1991a,b) may also be seen as a matter of
differences in feedback quality. Thus, the delays caused by the time
constants of the system, which are due to the speed at which the fire
fighting units move, are directly observable, but the report delays have
to be inferred.

Feedback delays

Feedback delays are interesting for at least two different reasons.
First, they are inevitable in most complex systems, for everything takes
time, and a decision maker cannot expect to have the results of his
actions displayed immediately. Whether he can cope with these delays
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is a central feature of his ability to cope with complex dynamic
systems. Second, the effects of feedback delays give us information
about the subjects’ general strategies. For example, if they do not
compensate for the delays, this suggests that they employ a feedback
control strategy, but if they compensate adequately for the delays, this
suggests some form of feedforward strategy, or at least some open
loop strategy.

Feedback delays may occur in different parts of the feedback loop.
Depending on where in the feedback loop they occur, different
models are required to cope with the delays. Thus, dead time and
time constants will require a model that makes it possible to predict
when an action is needed before the need has arisen. Delays in the
reports about the effects, on the other hand, require a model which
allows prediction of when a given action has taken effect and when
the resources will be available again. Developing the former kind of
model seems inherently more difficult, unless there is some regularity
in the neced for decisions about actions. We would therefore expect
that dead time would cause more difficulties for decision makers than
report delays do.

A number of studies show that feedback delays have negative
effects on performance in a variety of complex dynamic systems
(Brehmer and Allard 1991a,b; Dorner 1989b; Reichert and Dorner
1987). However, as noted above, the negative effects may be limited to
delays that have to be inferred (Brehmer 1990).

As expected, there are also differences in the effects of delays that
occur in different locations in the feedback loop. In the fire-fighting
simulation, dead time causes greater problems than report delays
{Brehmer and Allard 1991c¢). This is hardly surprising. If the subjects
fail to compensate for both forms of delays, as they seem to do, they
send fewer fire-fighting units to the fire under dead-time conditions
{because the fire will spread even further during the dead time) than
they will under report-delay conditions, where the subjects have an
adequate picture of the fire at the moment of decision. The predicted
differences in use of resources between the two kinds of delay
conditions were also found by Brehmer and Allard (1991c¢). Similar
results were obtained when the subjects were informed about the
delays.

As noted above, we would expect that dead time would be more
difficult than report delays in general (this is true also in engineering
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applications of control theory to real systems). Once the need for a
decision is apparent, on the other hand, dead time will have very
much the same effects as report delays, provided that the process to
be controlled does not change too rapidly in relation to the dead time.
That is, in both cases, the main effect will be that it will take some
time before the decision maker can see the effects of his actions.

Subjects do not use the strategy of delegating decision-making
power to local units to help them cope with the delays. Thus in
experiments using the fire-fighting simulation, Brehmer and Allard
(1991a,b) gave subjects the opportunity to delegate decision making to
the fire-fighting units. Specifically, they could delegate the decision
when to start fighting a fire to the (simulated) fire-units commanders,
so that they would not have to wait for a report from them about their
location to decide whether they needed to change their destination to
where the fire was most threatening. However, subjects did not
delegate decision-making power more when there were delays. In-
deed, they were generally unwilling to delegate any decision making to
the unit commanders, and they generally became less willing to
delegate as the experiment progressed, even though they were not
doing particularly well when using their centralized decision-making
policy.

The results reviewed in this section suggest that subjects will adopt
a feedback-control strategy when the delays will have to be inferred
and an open-loop strategy when the delays can be seen to happen
(Brehmer 1990). Thus, subjects seem to develop different models of
the task depending on the observability. The results also show that
subjects seem to adopt the same feedback control strategy for dead
time and report delays when they are told about these delays as when
they are not told about them and when sufficient information to infer
the delays and their causes is provided in displays in the experiment.
This shows that observability from the subjects’ point of view is not
the same as from a control engineer’s point of view.

Rate of change

The effect of increasing the rate of change in a dynamic decision
task is to increase the work load of the subject. Predictably, this leads
to worsening performance (Brehmer and Allard 1991d; Brehmer et al.
1991).
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The relation between the characteristics of the process to be controlled
and the characteristics of the control process

There are no systematic studies of this factor as yet. In most
simulations, the control process tends to be a linear one. Perhaps this
is typical of man-made control processes. However, we could easily
think of exponential control processes, e.g., when one biological
process is used to control another biological process. DSrner (1980)
reports that exponential processes cause difficulties for the subjects,
but this conclusion is not based on any systematic comparison between
different processes to be controlled or between different relations
between the control process and the process to be controlled. Funke
(1990) reports that processes with ‘Eigendynamik’ are difficult to
control, and more difficult the more pronounced the ‘Eigendynamik’.
Again, the difficulty of controlling a process with ‘ Eigendynamik’ may
be due to the characteristics of the control process. Thus, we should
reserve judgment about the relative difficulty of different processes
until we have investigated its difficulty relative to different control
processes.

The fire-fighting simulation of Brehmer and Allard (1991a) uses a
linear process (fire fighting) to control another linear process (the
fire), where the slope of the latter cxceeds that of the former. As
shown by Brehmer and Allard’s results, subjects master this relation,
at least if they are able to see the processes, as they can in the
fire-fighting simulation where both the spread of the fire and the
movements of the fire-fighting units are displayed to them.

These results also show the close relation between the characteris-
tics of the process to be controlled, the characteristics of the control
process and the concepts of time constants and dead time. The slope
of the function describing the process to be controlled is obviously
related to the time constant of the process. Dead time introduces a
nonlinearity in the function describing the control process. This raises
the problem of whether it is meaningful to retain the distinctions
among dead time, time constants and the functional characteristics of
the processes involved. This is a question that can only be answered by
further psychological research. Only if subjects react differently in
response to the nonlinearity introduced by dead time and that intro-
duced by other factors, is it psychologically meaningful to make the
distinction.
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Summary

The results reviewed here probably reflect only one aspect of the
subjects’ performance: the nature of their mental models. They sug-
gest that these mental models do not include all aspects of a complex
dynamic task. Thus, side effects and delays that have to be inferred
seem to be problematic, and there is little evidence from the subjects’
performance in the microworld experiments that they have incorpo-
rated them in their models. This is true for delays even when the
subjects claim to have detected them (Brehmer and Allard 1991b),
and even when they are told about these delays (Brehmer and Allard
1991b,c).

Both side effects and feedback delays are common features of
real-world systems. Our conclusion, therefore, would be that we would
expect decision makers working with complex dynamic systems to
show a suboptimal level of performance.

Conclusions

This paper had three purposes: to introduce a general paradigm for
the study of dynamic decision making: that of control theory; to
describe a general methodology for the laboratory study of dynamic
decision making: that of computer simulated microworlds; and to
review results obtained with this paradigm.

Generally speaking, the research described here can be seen as an
extension of the ideas presented by Rapoport (the use of control
theory) and Toda (the use of computer simulations as research tools),
but it differs from Rapoport’s and Toda’s original papers in that it has
abandoned the normative-descriptive comparisons for empirical analy-
sis and psychological theorizing. This is because the analytical analysis
of complex dynamic tasks has proved impossible, a conclusion already
drawn by Rapoport (1975).

So far, the total body of research is rather small, and much remains
to be done. However, the results so far demonstrate that it is possible
to investigate even complex dynamic decision-making phenomena
experimentally. Moreover, a number of consistent results have been
obtained. These results suggest that people may have problems devel-
oping the mental models required by complex, dynamic tasks. Some of
the results are corroborated by observations from field studies, such as
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studies of operators in process plants, who have also been found to
have problems with feedback delays and with side effects (e.g., Cross-
man 1974). This suggests that the results obtained in the microworlds
are not simply laboratory artifacts, but that they may express some
generally valid characteristics of people trying to control complex
dynamic systems.

The present results are limited, however, in one important respect:
there has been little need to invoke the concept of decision making.
This is, of course, because there have been very few goal conflicts in
the tasks used so far. Therefore, the subjects are not required to use
their models for different purposes, and the results can generally be
interpreted as an indication of the characteristics of the subjects’
mental models.

The next step in research on dynamic decision making, therefore,
must be to introduce motivational factors in a more systematic way in
the experiments (see Omodei and Wearing, 1991, for an attempt to
study motivational factors in a nonexperimental way in dynamic deci-
sion tasks. See also Huber, 1990a,b, for studies of the effects of cost
factors in sequential decision tasks, a form of task bridging between
the traditional static decision tasks and dynamic tasks of the kind
considered here). For this purpose, we have introduced a new version
of the fire-fighting task called NEWFIRE (Lovborg and Brehmer
1991) which makes it possible to vary cost factors in the fire-fighting
task systematically. This should make it possible to assess whether
subjects are able to modify their strategies in response to economic
considerations and not only in response to system characteristics such
as time constants.

This should enable us not only to crcate a firm connection between
dynamic decision making and general cognitive psychology, as is done
via the interest in mental models, but also between dynamic decision
making and the more traditional decision literature via the new
possibilities of studying the effects of cost factors.
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